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DETERMINANTS OF RATE AND KINETICS OF CELL DIVISION IN
SCALP HAIR*
E. J. VAN SCOTT, M.D., T. M. EKEL, B.S. AND H. AUERBACH, M.D.**
Mitotic activity of the germinative cell popu-
lation comprising the hair matrix ranks among
the highest known in mammalian tissues. In the
mouse, for example, it has been estimated by
Bullough and Laurence (1) that these cells may
reduplicate their numbers in a period as short as
13 hours. Mitotic activity in hair roots of man is
known to be high, but more definitive measure-
ments of this have not been worked out.
In previous studies it has been demonstrated
that in the human hair root specific size relation-
ships exist between the volume of hair matrix: vol-
ume of papilla, and number of mitoses in the
matrix: number of cells in the papilla (2).
The present paper details the mitotic pattern in
the hair matrix of man and relates this pattern to
possible determinants in the hair papilla.
MATERIALS AND METHODS
Biopsy specimens of normal scalp were obtained
with a six mm biopsy punch from the parieto-
occipital scalp of eight Caucasian women, two
Caucasian men and one Negro man whose ages
ranged from 24—57 years.
Specimens were fixed in Cajal's uranium nitrate-
aleohol-formalin solution, embedded in paraffin,
and cut into fiji sections perpendicular to the long
axis of the hairs in the specimens. Five sets of
slides of each specimen were prepared, each set
comprising every fifth-cut section and represent-
ing a series of sections 3Op distant from each
other. Sections of one set of slides, stained by the
Gomori trichrome method, were used for this
study.
Eighty-four anagen hair roots were found to be
sufficiently large and morphologically intact for
histo-geometric analysis. Each hair root was
examined from its base to the level of the distal
tip of the papilla. The average diameters of the
bulb (exclusive of external sheath) and the dermal
papilla were measured with an ocular micrometer.
The total number of cells in the papilla and the
number of mitotic cells in the matrix were deter-
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mined by direct counting. Since each section
studied was every fifth-cut section of the speci-
men, each section was considered as the boundary
of a segment of hair root 3Ojt thick; the number
of papilla cells and matrix mitoses in successive
sections were interpolated and multiplied by five
to obtain totals for each segment.
The volume of the hair matrix and each con-
stituent 3Op segment were determined by the
method applied to a right circular cone as previ-
ously described (2).
Hairs with same approximate papilla height
were grouped and the data from hairs within each
group averaged. There were 34 hairs with papilla
height lSO, 23 with papilla height 2lOi, 16 with
papilla height 240ji, 6 with papilla height Z7Op,
and 5 with papilla height 300jz. A schematic draw-
ing of the average hair representative of each
group was plotted to scale on graph paper. For
uniformity of analysis the representative hair
root of each drawing was divided into a distal
and proximal half, separated by the critical levelt
of Auber (3).
By direct measurements of the graphed draw-
ings the following distances were determined:
radial distance between the midpoint of the lowest
papilla segment and the midpoint of each matrix
segment (lateral segments, Fig. 2). The actual
distances represented in hair roots were calculated
from these measurements.
A plastic model, 280 times normal size, was
constructed of a large hair root from the beard
region of a patient in order to visualize changes
in density of mitosis in the matrix. For this pur-
pose all sections of this specimen were stained.
Each section was projected through a Bausch and
Lomb Dynazoom microscope and a drawing of
the outlines of the hair root made. Mitoses were
identified by direct visualization through the
microscope and were inserted in their proper
location on each drawing. The drawings were
transferred to sheets of clear acrylic plastic 1.7
mm in thickness, from which they were then cut
with a power jig-saw. The plastic sections were
assembled in order and cemented together by
rapidly stroking the outside of the model with a
red hot steel knife.
RESULTS
The plastic model of the hair root (Fig. 1) in-
dicated the density of mitoses was greatest in the
most proximal segments of the matrix and grad-
ually diminished toward the segments surround-
ing the distal tip of the dermal papilla.
t Level of greatest diameter of the papilla.
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Fin. 1. Enlarged plastic model of large hair root
with papilla 500 p high. Root divided into five
segments to permit visualization of mitoses.
Mitoses seen as black dots in clear outer zone of
matrix. Dark central core is papilla.
Density of mitoses is greatest in proximal(lower) segments and diminishes toward distal
(upper) segments. (Model constructed by Alverda
Patterson).
Microscopic measurements of matrix cells in-
dicated their diameter to measure roughly 10 p.
To simplify certain estimations each cell was as-
sumed to be cuboidal with 10 p sides, and with a
volume of 1,000 cu p. A unit volume of matrix
was then considered to be 106 cu p, which there-
fore would contain approximately 1,000 cells.
These approximations permit expression of mi-
totic index (mitoses/1 ,000 cells) as mitoses per
106 cu p of matrix tissue.
The averaged data on the hair roots, grouped
according to height of papilla, are presented in
the schematic drawings of Figure 2. Calculations
from these data show the volume of the hair
matrix to be proportional to the height of the
papilla. For example, the average volume of the
matrix of the large hairs with papilla height of
300 p is found to be 10.78 x 106 cu (a volume of
approximately 10,780 cells); the average volume
of the matrix of the small hairs with papilla
height of 180 p is found to be 3.54 X 106 cu p (a
volume of approximately 3,540 cells). The matrix
volumes of the other three groups of hair are pro-
portionately intermediate. With the exception of
the group of 6 hairs with papilla height of 270 p,
the number of mitoscs in the matrix is also pro-
portional to the height of the papilla. The ratio of
matrix mitoscs : papilla cells is approximately 1:8,
a ratio similsr to that reported earlier (2).
The above observations indicate there is a close
relationship between the population of germina-
tive matrix cells and the size of the hair papilla.
From the drawings it readily may be seen that
in all hairs the lower segments of the hair matrix
contain the largest proportion of cells in mitosis.
Calculation reveals that approximately 3 of the
rnitoses occur below the critical level of Aubcr and
} above. These data suggest that mitosis occurs
in a gradient with a positive orientation toward
the base of the hair bulb.
A more specific pattern emerges when the
mitotic index (mitoses per 106 cu p) of each seg-
ment of matrix is analyzed (Chart 1). Compara-
ble segments, identified by their relative position
above or below the critical level, are thus found
to have very similar mitotic indices. Graphic rep-
resentation of these similarities of mitotic indices
(Fig. 3) suggests there is a linear inverse relation-
ship between the mitotic index of cells in a given
matrix segment and the distance of that segment
from the base of the hair bulb.
In order to more precisely define this relation-
ship, in each group of hairs the mitotic index of
each matrix segment was plotted against the
radial distance between the mid-point of the seg-
ment and the mid-point of the lowest papilla seg-
ment. Data for a composite curve representing all
84 hairs were obtained from weighted averages of
the mitotic indices of comparable segments (see
Chart 1) and weighted averages of the distances
of these segments from the midpoint of the lower-
most papilla segment. The shape and slope of the
curve obtained for each hair group were essen-
tially identical to the shape and slope of the com-
posite curve representing all hairs. The latter is
shown in Figure 4, in which the straight line
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HAIR HHHTS WITH PAPILLA HEIGHT 3
- Mi,,... p., P.piT. ,.II, Mit.,.. HAIR RHHTI WITH PAPILLA HEIGHT 215k
Mil,... p.. P.piII, £Ik Hi?,...
HAIR HEElS WITH PAPILLA HEIGHT 2AI
Mi?,,., p., P.piII. '.11. Mi?,...
HAIH HHHTG WITH pAHLLA HEIGHT 210
M..,p? P,piII. p.11, Mi....
T.i.I p.piII. ,.II.: 1.239
115.5
H.ti. .1 p.9iII, p.11./ ,iI,,i,: 9:1
portion indicates that the mitotie index of cells at
a given level in the hair matrix is inversely related
to their distance from the base of the papilla, ac-
cording to the formula M.I. (mitotie index) =
120-0.68 d (distance in microns).*
The sigmoidal shape of the curve at either end
invites some speculation at this juncture. The
lower portion of the curve may be explained by
the fact that the distance between the mid-point
of the lower matrix segments and the mid-point
of the lower papilla segment in reality can never
be zero. Hence, a hypothetical maximum mitotic
index can only be approached, but never reached.
* The formulae for the straight line portion of
curves for each hair group are as follows: papilla
300M high, M.I. = 125-0.55 d; papilla 27Op high,MI. = 100-0.50 d; papilla of 240,z, M.I. = 127-0.66
d; papilla 210M, MI. = 105-0.56 d; papilla l8Ojz,M.I. = 110-0.56 d.
The sigmoidal shape of the upper portion of the
curve indicates the mitotie index of the cell pop-
ulation in the upper matrix segments gradually
approaches zero rather than abruptly. A critical
distance at which mitosis abruptly ceased would
limit the size of hair in man. Extension of the
straight line of the curve sets this critical distance
at approximately 180 p. However, most of the
hairs studied had papillae whose height was
greater than 180 p.
nIscussIoN
The constant proportional relationships be-
tween volume of hair matrix and size of papilla
suggest that the latter determines, or is the limit-
ing factor of, the size of the population of germi-
native cells producing the hair shalt and hence the
size of the hair itself. Thus the conversion of small
T,t,I ,.pilI, ,.II.: SlAtT,t,I, . 3A0
H,ti, .1 p,p,II, ..II. .t.i. 95:1
HAIH HOETS WITH PAPILLA HEIGHT 585,
M P,piII, p.11. Mn..,.
T.,A piII. p.11.: 2,155
290
H.?i.,Ip.piII. p.II./,irn.i. 7.M:1
Fm. 2. Schematic representations, drawn to scale, of hair roots grouped according to height of papilla
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CHART I
Mitotic Index
Av. of 5
300 hairs
Av. of 6
270 hairs
Av. of 16
240 p hairs
Av. of 23
210 p hairs
Av. of 34
180 p hairs
Composite hair
(weighted averages)
Segments above
critical level
C+5 2 2
C+4 5 6 5
C+3 12 16 12 11
C+2 24 26 26 22 18C+i 37 38 45 38 35
Critical level
2
5
12
22
38
Segments below
critical level
C—i
C—2
C—3
C—4
53 53
79 62
80 72
82
66
77
79
54
67
74
50
67
79
55
69
77
82
Average 42 39 44 44 42
C— 4
10 20 30 40 50 60 70 80 90
MITOTIC INDEX
FIG. 3. Plot showing similarity of mitotic index
in comparable matrix segments of different sized
hairs.
hairs to large hairs seems to be due to enlargement
of the dermal papilla. Examples of such conver-
sion is found in the male beard at puberty, in
axillary and pubic hair of both sexes at this age,
and in hirsutism of women. The reverse, conver-
sion of large hairs to small hairs such as occurs in
male pattern baldness (2), would seem to be deter-
mined by diminishing size of the dermal papilla.
Such relationships are not confined to the hair.
Recently it has been shown that the population of
0 10 20 30 40 50 60 70 80
MITOTIC INDEX
FIG. 4. Gradient of mitotic index in hair matrix,
showing relationship of mitotic index to distance
from base of papilla.
germinative cells in covering integumental epi-
thelium (e.g. buccal mucosa, normal epidermis
and hyperplastic epidermis of psoriasis) is pro-
portionate to the size of the connective tissue
papillae, the latter seemingly determining the
former (4).
Correlation between the coarseness of hair and
daily growth rate in man has been made by
Trotter (5) and in the guinea pig by Dawson (6).
Schinckel (7) has recently shown in the wool folli-
cle that differences in the number of cortical
cells produced is due to differences in the num-
ber of germinal cells rather than to differences
in cell turnover rate. The data of the present
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study show that the mitotic index of scalp hairs
is the same for all hairs, regardless of size. Hence
the replacement rate of the germinative matrix
is the same for all hairs, and this alone accounts
for the observation that large hairs, having a
large germinative matrix, grow "faster" than
small hairs with a small germinative matrix. The
amount of hair shaft produced is simply propor-
tional to the population of matrix cells.
Direct measurement of the exact rate of re-
placement of the matrix cell population has not
been made in the scalp hair of man. Available
data however permits some estimate of this.
Bullough and Laurence (1) found that some 30%
of matrix cells in the hair of the mouse entered
mitosis during a 4 hour period. Assuming that all
matrix cells were mitotically equipotent, they
calculated the entire population of matrix cells
would be reduplicated in approximately 13 hours.
Although our observations show that all matrix
cells in the human hair are not equipotent, the
average potential of the matrix population is
known and is expressed by the average mitotie
index of 43 per 1,000 cells. Assuming the time of
the mitotic interval of matrix cells in man to be
an approximate average of one hour, the replace-
ment time of the matrix of scalp hairs of
man would thus be 23 hours. The fact that the
average daily 350 length of hair shaft produced
on the scalp (8) is a product of hair matrices 300 M
or less in height suggests that the matrix replace-
ment time may even be less than 23 hours; that
is, it may reproduce itself significantly more than
one-fold daily.
Relative turnover times of individual segments
of the matrix may be calculated according to the
formula:
T.T. of segment = T.T. of entire matrix
mitotic index of segment
mitotic index of entire matrix
vol. of segment
vol. of entire matrix
Such calculations show, as may be casually
appreciated, that the lower matrix segments
have rates of turnover more rapid than the
matrix as a whole.
The data of this study demonstrate that mitotic
activity in the hair matrix occurs in a linear
gradient positively oriented toward the base of
the papilla. Whether this gradient is determined
by a mitotic stimulant with greatest concentra-
tion or activity near the base of the papilla, or
determined by a mitotie inhibitor with greatest
concentration or activity near the distal tip of the
papilla, or is due to a more complex system than
either of these is as yet unknown.
SUMMARY
Histogeometric analysis of hair roots of the
human scalp reveals the mitotic index at a given
level of germinative matrix to be inversely
proportional to the distance from the base of the
dermal papilla, according to the formula MI. =
120-0.68 d (distance in microns). Replacement
time of the entire germinative matrix is calculated
to be approximately 23 hours. Influences of the
connective tissue dermal papilla on the germina-
tive matrix cell population are discussed.
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